resistance [13] [14] and in some cases, improved device-to-device performance uniformity -a critical parameter for the high yield manufacturing of large-area/large-volume electronics. [15] Despite the obvious advantages, however, efficient doping of either, metal oxides or organics, has proven to be very challenging requiring either complex manufacturing techniques [16] or high-temperature [17] processes that are incompatible with inexpensive large-volume manufacturing and substrate materials such as plastic.
In the case of metal oxides substitutional doping represents an effective and versatile approach that has been used to control key material and device parameters. [12] Unfortunately, the method offers limited flexibility in terms of processing since it often requires the use of complex techniques and high temperature process steps. [10, 18] Unlike inorganics, organic
semiconductors cannot be doped in the same manner due to the molecular nature of the solids.
Instead, charge donating molecules -so-called donors or acceptors -are often incorporated into the organic host semiconductor in a process called molecular doping. [19] Although p-type doping of organic conjugated materials is a relatively straight forward and well-understood process, n-doping has proven to be more challenging since the highest occupied molecular orbital (HOMO) of the dopant donor molecule has to be high enough in order to enable direct electron transfer to the host semiconductor. This rather strict requirement often leads to problems like poor chemical instability of the dopant molecule. [20] In an effort to address this issue, a number of alternative molecular dopants have been developed in recent years including, cationic dyes, [21] dimeric organometallic compounds [22] [23] [24] and hydride transferring compounds. [25] [26] [27] Depending on the molecular system, the doping effect is not always due to direct charge transfer from the dopant to the host semiconductor but it may rely on specific reactions (e.g. hydride transfer) between the two materials [27] although the exact mechanism is still being investigated. [9] In order to elucidate the inner workings of molecular doping, recent effort has been focusing on studying simple dopant/semiconductor blends as the active layer in diodes [28] and
TFTs. [26] However, such systems are not ideal for fundamental studies since complex microstructural effects such as phase segregation, may dramatically affect the results. In an effort to overcome these complications, approaches similar to modulation-doping in inorganic hetero-junctions like Al 1-x Ga x As/GaAs [29] have been successfully applied to organic systems [30] [31] and more recently to oxide hetero-interfaces. [32] Despite the promising results, the concept of modulation doping in organics and metal oxides, let alone hybrids, semiconductor systems remains underexploited. To this end charge transfer at oxide-organic hetero interfaces have been investigated using photospectroscopic techniques in the past. [33] [34] [35] [36] [37] Further investigations into the charge transport mechanism across inorganic-organic interfaces with regards to complete versus partial transfer was recently carried out using density functional theory (DFT) calculations. [38] However, to the best of our knowledge their applicability has only been demonstrated for work-function modulation of transparent conductive electrodes [39] and in light-emitting devices. [40] Here, we report on an alternative doping approach that exploits the use of organic donor/acceptor molecules for the effective tuning of the carrier concentration in ultra-thin layers (≤6 nm) of zinc oxide (ZnO) acting as the transistor channels. [41] The method is simple and can be implemented at room temperature in different ways. In its simplest form the dopant molecules can be solution deposited directly onto the ZnO layer at room temperature.
Alternatively, the organic dopant can be blended in different concentrations with an organic [ 41] As Figure S2 ). [42] Despite the non-ideal charge transport characteristics of the devices, the pseudo-twodimensional (pseudo-2D) nature of ZnO and the proximity of the layer's surface to the electron conducting channel forming at the SiO 2 /ZnO interface, provides an ideal platform for studying possible charge transfer-phenomena between a given dopant (organic or inorganic) and ZnO. Due to this proximity (<5 nm), any change in the areal electron density (Δܰ ) within the ZnO channel could, in principle, be detected as a change in the device's turn-on voltage (V ON ) using: Unlike any previous reports, the pseudo-2D nature of ZnO layers employed here (Figure 1b) allows for the transistor channel to be approximated as a quasi-2-dimensional system. [43] This unique feature enables estimation of the charge carrier density per unit volume (N 3D ). By assuming that the channel thickness (݀) is equal or comparable to the overall thickness of ZnO, the magnitude of ∆N 3D can be estimated using:
We note that the ∆N 3D in Eq. 2 represents a lower limit since the electron concentration is expected to be higher near the dielectric-ZnO interface while Eq. 2 assumes a homogeneous charge distribution. However, since the ZnO layer is only ~5 nm thick and the device is operated in the linear regime (V D = 10 V), the latter approximation is expected to hold.
To investigate the potential of the hybrid modulation-doping approach proposed, we studied the impact of different n-type molecular dopants starting with the well-known donor compound 1H-benzoimidazole (N-DMBI) (Figure 2a) . [26] Unlike the majority of dopant molecules, N-DMBI is air stable and only after cleaving an C-H bond in solution, a hydride or hydrogen atom transfer to the acceptor molecule is possible leading to a net charge transfer. [27] This two-step charge-transfer process has been shown to be particularly effective in n-doping of various fullerenes and fullerene derivatives such as the phenyl-C61-butyric acid methyl ester (PC 61 BM) shown in Figure 2a . [9] On the basis of this energy band diagram one would expect electrons induced in the PC 61 BM as a result of the hydride transfer from N-DMBI, to be subsequently transferred to ZnO due to its lower Fermi energy (E F ) level. To this end, we Advanced Materials 2015, DOI: 10.1002/adma.201503200 -7 -note that the E F of ZnO was determined via Kelvin probe measurements for several ultra-thin layers yielding values in the range -4.1 eV to -4.32 eV), [43] while the HOMO and lowest unoccupied molecular orbital (LUMO) energy levels for N-DMBI and PC 61 BM refer to bulk values reported in the literature. [26, 44] To test this hypothesis we first studied the n-doping process of PC 61 BM with N-DMBI in solution. Figure 2b displays the absorption spectra for the neat and doped PC 61 BM solutions. The data reveal the development of a new absorption peak in the near infrared region at ~1033 nm upon doping which is attributed to the formation of fullerene anions as a result of the efficient donation of an electron to the PC 61 BM. [27, 45] Having established that N-DMBI acts as an n-dopant for PC 61 BM, we have fabricated three different types of transistors. On the basis of the simplistic energy band diagram in Figure 2a we argued that other molecular n/p-dopants should in principle be able to either donate or accept electrons to/from the ZnO layer with similar efficiency, allowing for accurate tuning of the free carrier concentration. To test this hypothesis we investigated two additional dopant molecules namely decamethylcobaltocene [22] (DMC) and tetracyanoquinodimethane [46] [47] (TCNQ). The chemical structure and the corresponding energy levels of these compounds are shown in To confirm or refute this proposal, we carried out similar doping experiments in transistors comprising thicker layers of ZnO grown via atmospheric spray pyrolysis. [48] [49] [50] Here the conducting channel is not assumed to extend across the entire ZnO layer thickness (~15 nm) and thus a significant separation between the conducting channel and the DMC layer should exist. The results from these experiments are presented in Figure S4b . As can be seen, μ LIN remains nearly constant for both pristine and doped devices, clearly highlighting the absence of electron scattering seen in the ultra-thin layer ZnO TFTs of Figure S4a . This implies that the reduced μ LIN in ultra-thin ZnO devices is most likely attributed to Coulombic scattering at the ZnO/DMC interface rather than the formation of electron traps. This conclusion is supported by the fact that the maximum channel current measured at V G -V ON = 60 V in ZnO devices remains constant before and after doping. On the contrary, in TCNQ-doped devices a drastic decrease in the maximum attainable channel current is observed (Figure 4d ) and id most likely attributed to electron trapping at the ZnO/TCNQ interface.
In an effort to better understand the dominant scattering mechanism, the tail states for each investigated ZnO device were calculated using the Grünewald model (Figure S5-S7) . [42] Obtained results indicate that although there is no change in the tail states for DMC-doped doping effect through the use of self-assembled monolayers (SAMs). [51] In the latter study it was suggested that the doping effect vanishes at a ZnO thickness of ~8 nm, whereas in our 15 nm-thick ZnO the doping effect is still visible. Thus we argue that the doping effect described by Yu et al. might rather originate from polarization effects [52] [53] induced by the presence of the SAM which decrease with increasing layer thickness. Possible interaction of transported electrons with traps located on the film's surface may also play a role. This process has been shown to be critical in ZnO layers with thickness ≤10 nm due to Coulomb interactions of the field-induced electrons with the surface charges. [45] However, this apparent discrepancy may well be attributed to other unknown extrinsic effects the role of which has not been considered.
In conclusion, the hybrid modulation doping approach in combination with the low- fabricated by atmospheric spray pyrolysis using a zinc acetate dihydrate precursor following previously published protocols [2] [3] [4] . Four spraying steps were conducted at a liquid feed rate of 2.5 ml/min and a gas pressure of 2 bar onto a substrate pre-heated to 400 °C. Samples were immediately removed from the hotplate after deposition. In order to avoid parasitic channel currents, the ZnO layers were patterned during the deposition using a stencil shadow mask. 
